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Citocinas pró-inflamatórias (CYT) contribuem para a morte de célula beta, 
em parte, via ativação de NF-κB. A Prolactina (PRL) tem sido descrita por proteger 
essas células contra apoptose induzida por CYT. Portanto, nesse trabalho nós 
investigamos o potencial efeito protetor da PRL sobre a morte de célula beta 
induzida por CYT e os mecanismos envolvidos nessa proteção. Células INS-1E 
tratadas por 24 h com PRL (0.5 μg/ml) ou veículo, seguida da exposição à IL-1β (10 
U/ml) ou TNF-α (1600 U/ml) combinadas com IFN-γ (100 U/ml) foram usadas para 
viabilidade celular, análise da expressão gênica e protéica e atividade de NF-κB. 
Análises estatísticas foram feitas por teste t ou ANOVA, seguida de Bonferroni. p< 
0,05 foi adotado como critério de significância, (n=4-6). Tanto IL-1β+IFN-γ quanto 
TNF-α+IFN-γ aumentaram a apoptose em células INS-1E, o que foi parcialmente 
prevenido pela PRL. A proteção induzida pela PRL é, ao menos em parte, mediada 
pela STAT3, pois esse efeito benéfico foi perdido com a inibição dessa proteína. 
Além disso, a PRL promoveu a modulação diferencial das proteínas anti e pró-
apoptóticas da família BCL-2, induzindo um aumento da expressão de BCL-XL e 
reduzindo a expressão de proteínas pró-apoptóticas PUMA e bim-s, reguladas pela 
via JNK/c-JUN/DP5, a qual é induzida por CYT. A ativação de NF-κB bem como a 
expressão de seus genes alvo foram reduzidas pela adição de PRL, indicando que a 
PRL tem um papel na modulação da inflamação induzida por CYT em células beta. 
Dessa forma, observamos que a PRL exerce um efeito protetor sobre morte de 
célula beta induzida por CYT. Isso é mediado, pelo menos em parte, pela ativação 





Type I diabetes is caused by an autoimmune assault that induces 
progressive β-cell dysfunction and apoptosis. Pro-inflammatory cytokines (CYT) such 
as interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), 
contribute to β-cell death, at least partly via activation of the transcription factor 
nuclear factor-κB (NF-κB). Prolactin (PRL) is an important mediator for the increase 
of β-cell mass and has been reported to protect insulin-producing cells against CYT-
induced apoptosis. We have presently investigated the potential protective effects of 
PRL against cytokine-induced β-cell death and the mechanisms involved in this 
protection. Cell viability, NO measurement and protein expression in INS-1E cells 
were performed after a 24 h pretreatment with PRL (0.5μg/mL) or vehicle and 
subsequent 24 h exposure to IL-1β (10 U/mL) or TNF-α (1600 U/mL) in combination 
with IFN-γ (140 U/mL), with or without the knockdown of STAT3. INS-1E cells 
exposed to IL-1β+IFN-γ were also used for western blot and NF-κB promoter reporter 
assay in time course studies. Comparisons between groups were carried out either 
by unpaired t test or ANOVA followed by Bonferroni correction. A P value <0.05 was 
considered significant (n=4-6). After 24 h exposure, both IL-1β+IFN-γ and TNF-
α+IFN-γ increased apoptosis by 1.5-fold in INS-1E cells. This was partially prevented 
by PRL (30%). The protection induced by PRL is, at least partly, mediated by STAT3, 
since it was almost abolished when STAT3 was inhibited by two specifics siRNA. 
Importantly, PRL also decreases JNK phosphorylation and modulates expression of 
anti- and pro-apoptotic proteins involved in JNK cascade by decreasing the 
expression of both p-c-JUN and dp5, and increasing BCL-XL expression. These 
signals converge to decrease PUMA expression and potentially beta cell loss. 
Moreover, PRL partially prevents the activation of NF-κB, affecting the expression of 
its target genes, which are involved in both, beta cell death and inflammation. Thus, 
PRL exerts a protective effect against CYT-induced β-cell death. This is mediated at 
least in part via STAT3 activation, differential modulation of anti and pro-apoptotic 
proteins of BCL-2 family and decreased activation of NF-κB. 
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O diabetes mellitus é uma doença crônica ocasionada pela incapacidade 
do pancreas em produzir insulina suficiente para a demanda do organismo, ou 
quando o corpo não consegue usar efetivamente a insulina que produz. A 
hiperglicemia, que é o aumento nos níveis plasmáticos de glicose, é o efeito 
resultante do diabetes não controlado, e é a principal causa de complicações e co-
morbidades associadas (1;2). Dentre essas complicações estão: cegueira e 
disfunção visual, amputação de membros, falha renal, neuropatias e doenças 
cardiovasculares (2). 
De acordo com a Organização Mundial da Saúde, em 2014 9% da 
população mundial adulta foi diagnosticada com a doença, sendo que em 2012 
cerca de 1,5 milhões de mortes foram diretamente causadas pelo diabetes. O 
número de pacientes diabéticos tem crescido vertiginosamente podendo chegar a 
350 milhões no ano 2025 (3;4), e projeções indicam que o diabetes será a sétima 
principal causa de morte em 2030 (5).  
As duas principais formas da doença são conhecidas como diabetes tipo 
1 (DM1), que corresponde a 10-15% (6), e tipo 2 (DM2), representando a maioria 
dos casos (80-85%). O aparecimento da doença se dá por uma combinação da 
predisposição genética do indivíduo aliada a fatores ambientais desencadeadores, 
como o sedentarismo e dietas altamente calóricas (conhecida como dieta ocidental) 
no caso do DM2, ou infecções virais e/ou outros fatores que ainda estão por serem 
determinados no caso de DM1 (1;7;8).  
A redução da produção de insulina, causada por uma perda progressiva 
de função e aumento de apoptose das células beta pancreática, a qual não é 
compensada por regeneração, é uma importante característica comum entre DM1 e 
DM2 (1;9-11). No entanto, o DM2 resulta da incapacidade da utilização da insulina 
pelo organismo e é amplamente relacionado ao excesso de peso e sedentarismo 
(12). 
Os mecanismos moleculares que levam a essa diminuição funcional e da 
massa de célula beta ainda não são totalmente conhecidos. No entanto, esse 
conhecimento é crucial para o desenvolvimento de novas terapias com enfoque na 
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preservação da célula beta e produção de insulina, prevenindo assim o avanço da 
doença. 
Evidências crescentes têm demonstrado que a ativação do estresse de 
retículo endoplasmático na célula beta, em resposta a fatores de estresse 
desencadeadores, como citocinas pró-inflamatórias (para DM1) ou exposição 
crônica a ácidos graxos saturados (para DM2), é decisiva para indução de disfunção 
e morte da célula beta, em última análise, responsável pelo aparecimento e/ou 
progressão da doença (13;14). 
 
Diabetes mellitus tipo 1 
 
O DM1 (também conhecido como diabetes insulino-dependente ou 
juvenil) é caracterizado por uma deficiência na produção de insulina e requer 
administração diária de insulina pelos pacientes. A causa desse tipo de diabetes é 
incerta e ainda não existe prevenção. Os sintomas incluem excessiva excreção 
urinária, sede, perda de peso, entre outros (1;15).  
A falta da produção de insulina no DM1 é resultante de um processo 
autoimune no qual uma inflamação crônica conhecida como “insulite” leva a 
destruição da célula beta. Durante a “insulite”, citocinas pró-inflamatórias como: 
Interleucina-1β (IL-1β), Fator de necrose tumoral-α (TNF-α) e Interferon-γ (IFN-γ) e 
outros mediadores liberados por células imunes, que invadem as ilhotas de 
Langerhans, contribuem para a destruição das células beta (11;15;16). In vitro, IL-1β 
sozinha causa disfunção da célula beta e em combinação com TNF-α e/ou IFN-γ 
leva a morte celular (11). Essas citocinas alteram a expressão de genes que 
regulam apoptose, expressão de citocinas e quimiocinas nas células beta, as quais 
promovem uma amplificação da resposta inflamatória, e diminuem a expressão de 
genes envolvidos na função e sobrevivência dessas células (11;14;17-19).  
A composição das citocinas e a sua concentração durante a “insulite” 
dependem do tempo, grau de infiltração das ilhotas, os tipos celulares do sistema 
imune presentes e da intensidade da resposta das células beta ao ataque autoimune 
(15). Isso pode explicar porque o bloqueio de TNF-α ou IL-1β, em diferentes estágios 
do período pré-diabético, podem ser mais ou menos efetivos na prevenção do 
diabetes em modelos animais da doença (11;20).  
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A apoptose é a principal causa de morte de célula beta no DM1 e é um 
processo altamente regulado por sinais intra e extracelulares (11). A exposição de 
células beta a citocinas pró-inflamatórias induzem tanto genes que provocam efeitos 
benéficos quanto deletérios para a sobrevivência dessas células (21). Dentre os 
principais mecanismos que levam à morte de células beta após a exposição a 
citocinas estão: a ativação dos fatores de transcrição NF-κB e STAT1, ativação de 




Figura 1: Vias de sinalização que contribuem para a apoptose de célula beta induzida por citocinas. 
Fonte: Cnop, M et al. Diabetes. 2005. 
 
Mecanismos de morte induzidos por citocinas 
 
Muitos dos genes modificados por citocinas em células beta são 
regulados pelo fator de transcrição NF-κB (17;19;24-27), o qual controla direta ou 
indiretamente (principalmente via produção de NO) a expressão de proteínas 
envolvidas na execução da morte celular e do estresse de retículo endoplasmático 
(21;22;28). A produção de NO nessas circunstâncias leva ao bloqueio da Cálcio-
ATPase (SERCA 2) do retículo endoplasmático, induzindo o estresse de retículo, o 
qual contribui para morte da célula beta (29). 
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O processo canônico de ativação de NF-κB, como observado na Figura 2, 
é controlado pela fosforilação do Inibidor de κB (IκB), o qual sofre ubiquitinação e 
degradação proteassomal, permitindo a translocação de NF-κB para o núcleo e 
promovendo a transcrição de seus genes alvo (30). A atividade transcricional de NF-
κB também pode ser regulada por mecanismos pós-traducionais (31;32). 
 
 
Figura 2: Sinalização de NF-κB. Fonte: http://www.chemistry.sdsu.edu/faculty/index.php?name= 
Huxford 
 
Tanto TNF-α como IL-1β podem ativar NF-κB, porém IL-1β tem um efeito 
pró-apoptótico mais importante em células beta do que TNF-α (20). No entanto, IL-
1β ou TNF-α sozinhos não induzem apoptose, mas combinados com IFN-γ levam a 
morte celular (11). Isso sugere que o sinal intracelular de IFN-γ atua em adição ao 
de IL-1β para desencadear a apoptose em células beta. O IFN-γ se liga ao seu 
receptor e promove a ativação de JAK1 e JAK2. Essas quinases promovem a 
fosforilação de STAT1, o qual se dimeriza e é translocado para o núcleo 
promovendo a transcrição de seus genes alvo (Figura 1) (11). 
Além desses fatores de transcrição, a ativação de JNK tem papel 
fundamental na indução de apoptose por citocinas (22). JNK é um membro da 
família da MAPK e na presença de IL-1β tem um aumento rápido e sustentado de 
sua fosforilação, fenômeno que é potencializado por IFN-γ ou TNF-α (11;33). Nas 
células beta pancreáticas JNK está envolvida na ativação mitocondrial da apoptose 
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via fosforilação de seu efetor downstream c-JUN e aumento da expressão de DP5 
(22;28), regulando, dessa forma, o balanço entre proteínas anti e pró-apoptóticas da 
família da BCL-2 (Figura 3) (28). 
 
 
Figura 3: Sinalização de JNK. Fonte: modificado de Gurzov, EN et al. JBC. 2010. 
 
Os membros dessa família são agrupados em três categorias de acordo 
com a Figura 4: as anti-apoptóticas (BCL-2, BCL-XL, MCL-1, BCL-W and A1), as 
pró-apoptóticas (BAX, BAK and BOK) e as BH3-only, que ainda são divididas em 
sensoras (DP5, BIK, NOXA and BAD) e ativadoras (Bim, PUMA and tBID) (34). 
Quando a expressão das BH3-only sensoras é aumentada, essas proteínas se ligam 
aos membros do grupo anti-apoptótico, os quais estavam inicialmente aderidos às 
BH3-only ativadoras. Uma vez livres, as ativadoras se ligam aos membros pró-
apoptóticos, como a BAX, e formam poros na membrana mitocondrial, promovendo 
a liberação de citocromo-c, o qual desencadeia o processo de clivagem das 






Figura 4: Membros da família BCL-2 e sua importância na apoptose. Fonte: Gurzov, EN e Eizirik, DL. 




Nos últimos anos, nosso grupo tem se dedicado ao estudo das alterações 
observadas em ilhotas pancreáticas durante a prenhez bem como sobre a ação da 
prolactina (PRL) em células beta, tais como: aumento da sensibilidade à glicose e da 
massa de célula beta pancreática (35); diminuição da expressão de genes 
relacionados com apoptose e aumento da expressão de reguladores do ciclo celular 
(36); e aumento da expressão e da associação de proteínas que participam do 
processo secretório (37). Nossos resultados mostram que em ilhotas isoladas de 
ratas prenhes há um aumento da secreção de insulina, o que está associada a um 
aumento na expressão da SERCA2 (38;39), e da frequência das oscilações de Ca2+ 
(38). Como a exposição à PRL aumentou a expressão da SERCA2 via STAT3 em 
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células beta tumorais (RIN) (39) é provável que esse hormônio tenha participação na 
recuperação do processo secretório em ilhotas de ratas prenhes e que tenha efeito 
na melhora da homeostase do Ca2+ nas ilhotas destas ratas (38). De fato, a ativação 
do receptor de PRL (PRLr) pelo hormônio do crescimento (GH) aumenta a 
concentração de Ca2+ intracelular e a secreção de insulina em células beta da 
linhagem BRIN-BD11 (40). 
A PRL exerce seus efeitos biológicos em diferentes tipos celulares pela 
ativação da via JAK/STAT. Três membros da família STAT (Transdutor de sinal e 
ativador de trascrição) foram identificados por promover a ativação dos genes 
responsivos à PRL: STAT1, STAT3 e principalmente STAT5 (41;42). A ativação do 
PRLr também é fundamental para o aumento da massa de célula beta e para a 
manutenção da tolerância à glicose durante a prenhez (43), por meio da ativação 
das vias PI3K/AKT/p70S6K e da MAPK/SHC/ERK1/2 (35). De fato, muitos dos 
efeitos da PRL, em diferentes tipos celulares, são mediados pela ativação dessas 
vias (35;44;45). Alguns desses efeitos parecem também ser mediados pela 
regulação da atividade da adenilato ciclase e dos níveis de AMP cíclico, sendo que 
em ilhotas isoladas de ratas prenhes seu aumento é concomitante com um aumento 
da secrecão de insulina (46). 
Ilhotas humanas expostas à PRL são protegidas de apoptose induzida por 
citocinas, o que parece ser, ao menos em parte, mediado pela inibição de vias de 
morte controladas por membros da família BCL-2 (47). Cabe ainda salientar que 
citocinas pró-inflamatórias levam a diminuição da expressão do receptor de PRL, o 
que está provavelmente relacionado a redução da capacidade de 







Apesar do conhecimento existente em relação à ação da PRL durante a 
prenhez, o descobrimento de um novo papel benéfico e protetor sobre as funções da 
célula beta assim como de preservação de sua viabilidade poderá abrir o caminho 
para a prevenção/tratamento tanto no DM1 como no DM2 através da modulação de 
vias de sinalização específicas da PRL. 
O transplante de ilhotas é um tratamento atrativo para pacientes 
diabéticos tipo 1. No entanto, a manutenção de ilhotas humanas em cultura, antes 
do transplante, é difícil devido à suscetibilidade ao estresse e “insulite” resultante do 
processo de isolamento. Neste trabalho nós exploramos e validamos novos alvos da 
PRL relacionados à inflamação. Esses resultados proporcionam conhecimento para 
tratamentos alternativos que visem minimizar a perda de célula beta em cultura no 
que antecede o transplante, ou podem ser usados como plataforma para novas 
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Type 1 diabetes is caused by an autoimmune assault that induces progressive beta cell loss. 
We presently investigated the mechanisms involved in the protective effects of prolactin 
(PRL) on cytokine-induced beta cell death. PRL exerts an anti-apoptotic role at least partly 
through STAT3 in beta cells exposed to pro-inflammatory cytokines, promotes the differential 
expression of anti- and pro-apoptotic proteins and partially prevents the activation of NF-κB 
and JNK. These results suggest that PRL modulates specific pro-survival mechanisms in 
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Abbreviation 
KD: knock down; NF-κB: nuclear factor κB; IFN-γ: Interferon-γ; IL-1β: Interleukin-1β; PRL: 





PRL exerts a protective effect against cytokine-induced beta cell death. 
STAT3 activation is involved in the beneficial effects of PRL upon exposure to cytokines. 




Type 1 diabetes (T1D) is caused by an autoimmune assault that induces progressive 
beta cell dysfunction and apoptosis, consequently impairing insulin secretion. During insulitis, 
pro-inflammatory cytokines, such as interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) 
and interferon-γ (IFN-γ), contribute to beta cell failure and death and a 70-80% loss of beta 
cell functional mass at the time of diagnosis (1-3). Beta cell loss in T1D is probably slow and 
progressive, suggesting that preventing beta cell death is possible. 
The beneficial effects observed in pancreatic islets during pregnancy or following 
prolactin (PRL) exposure have already been shown (4-6). Activation of the PRL receptor is 
important to increase beta cell mass, maintain glucose tolerance during pregnancy (7), and 
decrease the expression of genes related to apoptosis (8). These biological effects require the 
participation of receptor-associated kinases, mainly through the JAK/STAT pathway (9). 
Human islets treated with PRL are protected against apoptosis induced by cytokines, 
and this seems to be partly mediated by inhibiting the cell death pathways controlled by the 
BCL-2 family members (10). The members of this family of proteins are grouped into the 
following three categories: pro-survival (BCL-2, BCL-XL, MCL-1, BCL-W and A1), pro-
apoptotic (BAX, BAK and BOK), and BH3-only proteins, which are also divided in 
sensitizers (DP5, BIK, NOXA and BAD) and activators (Bim, PUMA and BID) (11). When 
the expression of BH3-only sensitizers increases, they directly bind to pro-survival members, 
releasing the activators. Once free, the activators bind and activate the pro-death member to 
form pores in the mitochondria, inducing cytochrome c release (11). In beta cells, JNK is also 
involved in the activation of the mitochondrial pathway of apoptosis through c-JUN 
phosphorylation and dp5 expression (12;13). 
Most of the genes modified by cytokines in beta cells are regulated by the 
transcription factor Nuclear Factor B (NF-κB), which directly or indirectly controls the 
expression of proteins involved in ER stress (via NO production in the case of rat beta cells) 
and cell death (14;15). The canonical process of NF-κB activation is initiated by the 
phosphorylation of the Inhibitor of κB (IκB), leading to ubiquitination and proteasome 
degradation. This allows the nuclear translocation of NF-B and increases the transcription of 
target genes (16). The transcriptional activity of NF-κB can also be regulated by post-
translational mechanisms (17;18). Notably, pro-inflammatory cytokines lead to a decreased 
expression of the PRL receptor, reducing the capacity of the beta cell to recover after an 
autoimmune assault (19;20). 
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As discussed above, PRL’s involvement in beta cell survival has already been 
described (10), but the relationship between PRL signaling and the inflammatory response 
regulated by NF-κB or other pathways induced by cytokines remain to be clarified.  
We have presently explored and validated novel specific targets of PRL in beta cells 
related to inflammation. The findings obtained indicate that PRL exerts an anti-apoptotic role 
in rat beta cells exposed to pro-inflammatory cytokines, potentially through STAT3. PRL 
prevents the activation of JNK and promotes the differential expression of anti- and pro-
apoptotic proteins downstream of the JNK cascade. Moreover, PRL partially prevents the 
activation of NF-κB and the transcription of its target genes IκB-α, fas, mcp-1, a20 and 
cxcl10. 
 
Material and Methods 
Cell culture and treatment. Insulin-producing INS-1E cells (21), a kind gift from Prof. C. 
Wolheim (Centre Médical Universitaire, Geneva, Switzerland), were cultured in RPMI-1640 
medium (Vitrocell, SP, Brazil) and supplemented with 5% v/v of fetal bovine serum (FBS), 
HEPES 10 mmol/l, penicillin 100 U/ml, streptomycin 100 μg/ml, sodium pyruvate 1 mmol/l 
and 2-mercaptoethanol 50 μmol/l in the presence of 11 mmol/l glucose. For the PRL and 
cytokines treatment, the cells were maintained in a medium with 1% w/v of BSA and 5.6 
mmol/l glucose without FBS. The experiments were performed after 24 h pretreatment with 
PRL (0.5 μg/ml) or vehicle (0.01 mmol/l NaHCO3 + 0.3% w/v BSA) and 24 h subsequent 
exposure to 10 U/ml of human recombinant IL-1β (R&D systems) or 1600 U/ml of rat 
recombinant TNF-α (Invitrogen) combined with 100 U/ml of rat recombinant IFN-γ (R&D 
systems). PRL or vehicle were also kept in the medium during cytokine exposure. INS-1E 
cells exposed to IL-1β+IFN-γ were also used in the time course studies. NO was measured as 
accumulated nitrite in the medium by the Griess reaction (22;23). 
Assessment of apoptosis. The percentage of apoptotic cells was measure by the following 
three different methods: A) after a 15-minute incubation period with the DNA-binding dyes 
Hoechst 33342 (5 μg/ml; Sigma-Aldrich) and propidium iodide (5 μg/ml; Sigma-Aldrich), the 
viable and apoptotic nuclei were counted by two independent observers, in which one of them 
was unaware of sample identity (24); B) by the Guava Nexin Reagent kit (Merck Millipore; 
Merck Millipore), in which cells positive for annexin V were detected by flow cytometry 
(Guava easyCyte 8HT) according to the manufacturer’s protocol; and C) by western blot for 
cleaved caspase 3 (see details below). 
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Western blot assay. After cell culture and treatment, the cells were lysed using a Laemmli 
Sample Buffer. The total protein was fractioned in an 8 to 12% SDS-PAGE and transferred to 
a nitrocellulose membrane. Immunoblot analysis was performed using specific antibodies for 
the protein of interest (Suppl. Table 1), followed by incubating with appropriate horseradish 
peroxidase-conjugated secondary antibodies (Thermo Scientific). The protein intensity was 
detected by an ImageQuant LAS 4000 (GE® Healthcare Bio-Sciences) after the 
chemiluminescent reaction with the SuperSignal West Femto Chemiluminescent Substrate 
(Thermo Scientific), according to the manufacturer instructions. The intensity values for the 
proteins were quantified using ImageQuant TL 7.0 Software (GE® Healthcare Bio-Sciences), 
corrected by the internal control α-tubulin (Sigma-Aldrich) to confirm similar protein loading 
and normalized by the control condition or the highest value of each experiment (when the 
protein is not induced in the control), considered to be 1.  
mRNA extraction and Real Time RT-PCR. Poly(A)
+
 mRNA was isolated from the treated 
cells using the Dynabeads mRNA DIRECT
TM
 kit (Invitrogen). A constant amount of the 
purified mRNA was reverse-transcribed using 50 U MuLV reverse transcriptase (Invitrogen) 
at 42 ºC for 60 min in a reaction containing 1x Buffer (16 mmol/l (NH4)2SO4, 67 mmol/l Tris-
HCl pH 8.8 (at 25 ºC) and 0.01% Tween 20), 5 mmol/l MgCl2 (GeneCraft), 2 mMol/L dNTP 
mix (Eurogentec), 2.5 μmol/l random primers and 20 U RNAse inhibitor (Invitrogen). The 
real time RT-PCR amplification reactions were performed using an iQ SYBR Green 
Supermix on Rotor-Gene Q (Qiagen), and the concentration of the gene of interest was 
calculated as copies per μl using a standard curve. Gene expression values in INS-1E cells 
were corrected by the housekeeping gene gapdh and presented as fold induction of the highest 
value in each experiment, considered to be equal to 1. 
Promoter reporter assay. Cells were co-transfected using lipofectamine 2000 (Invitrogen) 
with the pRL-CMV internal control encoding Renilla (Promega) and either the pNFκB-
Luciferase (BD Biosciences) (25). After transfection (16 h), the cells were treated as 
described above. The luciferase activity was analyzed using the Dual-Luciferase Reporter 
Assay System kit (Promega), according to the manufacturer instructions. The luciferase 
activity values were corrected for the values of the internal control pRL-CMV and normalized 
for the highest value of each experiment, considered to be equal to 1. 
Small Interfering RNA (siRNA) Treatment. Two different siRNAs against STAT3 (Sigma-
Aldrich) were used to knock down the expression of the target gene. Allstars Negative 
Control siRNA (Qiagen) was used as a negative control. After overnight incubation with 30 
nmol/l of siRNA using 1 μl per well Lipofectamine RNAiMAX, lipid reagent (Invitrogen), 
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the transfection medium was replaced by a regular culture medium for cell recovery. After 48 
h, the cells were exposed to treatment as described above. 
Statistical Analysis. Comparisons between groups were conducted either by unpaired t test or 
ANOVA followed by Bonferroni correction for multiple comparisons, as required. A P < 0.05 




PRL prevents the apoptosis induced by pro-inflammatory cytokines. Exposure of INS-1E 
cells for 24 h to IL-1β+IFN-γ or TNF-α+IFN-γ increased the apoptosis by 1.5-fold, as judged 
by the analysis of the annexin V positive cells (Figure 1 a). This finding was confirmed by 
Hoechst/Propidium iodide staining (Figure 1 b) and caspase 3 cleavage assays (Figure 1 c and 
d). The pre-treatment of these cells with PRL was able to completely prevent cell death 
(Figure 1 a and b) and partially reverse the cleavage of caspase 3 (Figure 1 c and d). Of note, 
the protective effect of PRL was also observed in control cells that were not exposed to 
cytokines (Figure 1 a and b). Because the results were similar for both cytokine combinations, 
the subsequent experiments we performed using only IL-1β+IFN-. 
 
STAT3 potentially mediates the beneficial effects of PRL. Next, we confirmed previous 
literature findings indicating that PRL both increases the expression of STAT3 (8;26) and its 
phosphorylation (27). The peak of STAT3 phosphorylation was observed 15 minutes after 
PRL exposure (Figure 2 a and b), confirming the regulatory role of PRL on STAT3 activation. 
To test whether STAT3 was involved in the beneficial effects of PRL, two specific siRNAs 
(siSTAT3-1 and siSTAT3-2) were used to suppress STAT3 in INS-1E cells. The first siRNA 
inhibited by 30% the expression of STAT3 (Figure 2 c and d), decreasing the ability of PRL 
to prevent IL-1β+IFN-γ-induced apoptosis (Figure e). However, a better KD (60% inhibition), 
observed with the siSTAT3-2 (Figure 2 c and d), abolished the prevention of apoptosis 
induced by PRL on cytokines condition (Figure 2 e). Of note, STAT3 KD by siRNA 2 tended 
to increase basal apoptosis in INS-1E cells (Figure 2 e). 
 
PRL modify the activation of JNK and decreases c-JUN-dependent dp5 expression in 
INS-1E cells. One of the mechanisms by which cytokines contribute to beta cell apoptosis is 
via JNK activation (28), and consequent JNK/c-JUN-dependent dp5 expression (13). Pre-
treatment with PRL modified the pattern of JNK activation after exposure to cytokines, with 
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an early increase in the phosphorylation of JNK after 30 minutes followed by a decrease in 
JNK phosphorylation after 8 h, compared with IL-1β+IFN-γ alone (Figure 3 a and b). Beta 
cells pre-exposed to PRL and then treated with cytokines for 8 or 24 h displayed reduced 
phosphorylation of c-JUN, the downstream target of JNK activity (Figure 3 c and d), and dp5 
expression (Figure 3 e), suggesting that PRL-induced inhibition of the late JNK 
phosphorylation plays a key role in these processes. 
 
PRL regulates the expression of pro- and anti-apoptotic BCL-2 family members. Thus, 
we evaluated the involvement of PRL in modulating the pro-death proteins bim and PUMA, 
known to be downstream of dp5 (13). After 24 h of treatment, IL-1β+IFN-γ increased bim 
mRNA (Figure 4 a) and PUMA mRNA (Figure 4 c) and protein expression (Figure 4 d and e). 
Although PRL did not prevent cytokine-induced total bim expression (Figure 4 a), it 
decreased the expression of the most pro-apoptotic isoform of bim, namely bim small (bim-s), 
in the untreated condition and marginally decreased in cytokine condition, upon PRL pre-
treatment (Figure 4 b). PRL also decreased PUMA expression at the mRNA (Figure 4 c) and 
protein levels (Figure 4 d and e) in cytokine-treated cells. Importantly, PRL alone increased 
the expression of the pro-survival BCL-2 family protein BCL-XL in a time-dependent manner 
(Suppl. Figure 1 a and b) and also increased (30%) this protein after 8 h of exposure to 
cytokines compared with cells only treated with cytokines (Suppl. Figure 1 c and d). 
 
PRL attenuates the activation of NF-κB by cytokines in beta cells. In parallel to JNK 
activation, IL-1β also induces NF-κB activation, a key signal for induction of beta cell 
apoptosis (24;29). Next, we assessed the transcriptional activation of NF-κB using a luciferase 
reporter assay regulated by a NF-κB binding site (24). INS-1E cells treated with IL-1β+IFN-γ 
presented increased activation of NF-κB in a time-dependent manner (Figure 5 a), and pre-
treatment with PRL prevented the activation by ~40% after 24 h of exposure to cytokines 
(Figure 5 a). These findings were confirmed by analyzing NF-κB target genes in beta cells 
(Figure 5 b-f). Thus, PRL prevented cytokine-induction of IκB-α, fas, mcp-1 and a20 by 35 to 
50% (Figure 5 b-e) and cxcl10 by 74% (Figure 5 f). Furthermore, PRL significantly decreased 
cytokine-induced iNOS expression (Figure 5 g and h), which was correlated with a decrease 
in NO production (Suppl. Figure 2 a), and induced a delay in IκB-α replenishment after its 
complete degradation by cytokine exposure (Figure I and j). In rat beta cells, the activation of 
ER stress is NO dependent (30); however, despite the partial prevention of NO production, 




PRL exerts its anabolic effects on different cell types mainly by stimulating the 
JAK/STAT pathway. Three members of the STAT family have been identified to promote the 
activation of the PRL-responsive genes, namely: STAT1, STAT3 and, mainly, STAT5 (9;27). 
STAT5 is involved in the protective effects of PRL and Growth Hormone in human and rat 
beta cells (10;31); however, STAT3 has also been involved in the beneficial effects of PRL on 
insulin secretion in pancreatic beta cells (26). Here, we showed that PRL induces STAT3 
activation in INS-1E cells, which could be related to the protective effects of PRL against 
cytokine-induced apoptosis. 
Cytokines induce activation of JNK in rat (32) and human beta cells (30). The 
involvement of JNK in beta cell death can be dependent (33) or independent of NF-κB 
activation (12). In both cases, attenuation of its later activation, which has previously been 
shown to be important for its pro-apoptotic role in beta cells (12), can be related to the 
protective effect of PRL against cytokine-induced cell death, as we observed here. Thus, JNK 
is involved in activating the mitochondrial pathway of apoptosis (12) through c-JUN 
phosphorylation and dp5 expression. Dp5 inactivates BCL-XL that releases PUMA or other 
BH3-only activators, as bim, to induce BAX translocation to the mitochondria leading to 
release of cytochrome-c and the subsequent intrinsic apoptotic pathway (34;35). Notably, α-
cells present higher BCL-XL levels than beta cells in basal condition, which conferred to 
these cells protection against palmitate treatment (36). 
Here we demonstrated that PRL decreases the expression of both c-JUN and dp5, 
leading to an increase in BCL-XL expression. These signals converge to decrease PUMA 
expression and potentially beta cell loss. The mechanism by which PRL modulates JNK is not 
yet clear. We had previously shown that PRL induces PI3K/AKT during pregnancy (7). Since 
this kinase was previously shown to inhibit the MAPK cascade that activates JNK by 
cytokines (37) we suggest that PRL modulates JNK and its downstream targets through this 
pathway. 
Because the induction of PUMA is also regulated by NF-κB, directly or indirectly 
via NO production, leading to ER stress activation (38); and PRL has been shown to have 
immunoregulatory properties (39), we assessed whether PRL is important for cytokine-
induced NF-κB activation. 
NF-κB is an important transcription factor involved in the induction of beta cell 
death by cytokines (24;29;40;41). During the activation of its signaling, IκB-α is rapidly 
degraded allowing the nuclear translocation of NF-κB (16;18). In the nucleus this 
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transcription factor triggers the transcription of its target genes, such as: fas, mcp-1 (25;42), 
cxcl10 (43;44), a20 and, also, IκB-α (45). The first three genes are involved in the 
amplification of the inflammatory process, a20 and IκB-α, on the other hand, act as negative 
regulatory elements retaining NF-κB in the cytoplasm and preventing it to translocate to the 
nucleus (45). 
In this work we showed that PRL directly reduces the promoter activity of NF-κB 
after a cytokine stimulus which is also observed by the subsequent attenuation of its pro-
inflammatory response, by downregulating the expression of NF-κB dependent genes IκB-α, 
fas, mcp-1, a20 and cxcl10. In addition, PRL leads to a delay in IκB-α protein replenishment, 
after its complete degradation induced by cytokines. This observation reinforces that PRL acts 
by decreasing NF-κB activity since it loses the ability of restoring the IκB-α protein levels 
after cytokines exposure. 
Moreover, was previously shown that PRL ameliorates the severity of joint 
inflammation and reduces chondrocyte apoptosis; possibly via JAK2/STAT3-dependent 
pathway; in a model of rheumatoid arthritis (46), a chronic and autoimmune disease, such as 
T1D. These results are consistent with our observation that PRL reduces NF-κB activity and 
potentially inflammation. Of note, a constitutively activated form of STAT3 is able to 
suppress NF-κB transcriptional activity (47), while STAT3 knockdown results in significant 
elevation of NF-κB promoter activity (48) in other cell types. Therefore, the decreased NF-κB 
activation observed in PRL treated cells could be due to its effects through STAT3 activation, 
a hypothesis that needs to be further investigated. 
NF-B, via NO production, also indirectly induces ER stress by blocking the calcium 
pump, SERCA-2b, in rat beta cells (30;49). Although pregnancy can improve the handling of 
Ca
2+
 (50) and we observed that iNOS expression and NO production are decreased by PRL, 
the protective effects of PRL are not related to the attenuation of the ER stress signaling 
pathways, PERK-pEIF2α-CHOP or ATF6-BIP, which are known to contribute to beta cell 
death after cytokine exposure (49).  
Thus, we have shown here that PRL exerts an anti-apoptotic function in pancreatic 
beta cells exposed to pro-inflammatory cytokines. This effect is at least partly dependent on 
the activation of STAT3. PRL also promotes the differential expression of anti- and pro-
apoptotic proteins from the BCL-2 family, more specifically by downregulating the BH3-only 
sensitizer dp5 and activator PUMA. For the first time we showed that PRL induces 
attenuation of NF-κB activity and later activation of JNK, which mechanisms need to be 
further investigated. Moreover, understanding the specific proteins and pathways modulated 
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by PRL leading to the anti-apoptotic effects against cytokines might provide tools to protect 
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Figure 1. PRL prevents apoptosis induced by proinflammatory cytokines in INS-1E cells. 
INS-1E cells were pre-cultured for 24 h with a vehicle or PRL and were then treated with IL-
1β or TNF-α in combination with IFN-γ for an additional 24 h. Apoptosis was determined by 
(a) flow cytometry, in which apoptotic cells refer to percentage of annexin V positive cells; 
data are the fold-change from vehicle (control condition)=1 of 5 independent experiments; (b) 
percentage of apoptotic cells refer to cells co-stained with Hoechst‐propidium iodide observed 
via fluorescent microscopy, n=2 (TNFα) to n=7 and (c and d) western blot for cleaved 
caspase-3. One representative western blot of 4 independent experiments is shown in (c), and 
the mean ±SEM of the optical density measurements of the blots is shown in (d). α-Tubulin 
expression was used as a control for protein loading. The results represent the means ± SEM. 


























Figure 2. PRL prevents cytokine-induced apoptosis possibly via the STAT3 pathway. (a and 
b): INS-1E cells were treated with PRL for the time points indicated in the figure. Protein cell 
lysates were used in western blot for phosphorylated STAT3, and α-tubulin was analyzed to 
confirm similar protein loading. The results represent the means ± SEM of 3 independent 
experiments. The comparisons were performed by ANOVA followed by Bonferroni test for 
multiple comparisons. 
***
p<0.001 vs. control (time point zero). (c, d and e): INS-1E cells were 
transfected overnight with two specific siRNAs for STAT3 (siSTAT3-1 and siSTAT3-2), or a 
control siRNA (siCTL). 48 h after transfection, cells were treated for 24 h with vehicle or 
PRL, then with IL-1β+IFN-γ for additional 24 h. (c and d): cells were lysed, and western blot 
was performed with specific antibody for STAT3 and α-tubulin. (d): the vehicle untreated 
condition of each siRNA was quantified to verify the siRNA KD efficiency. The results 
represent the means ± SEM of 3 independent experiments. The comparisons were performed 





siCTL. (e): the cells were incubated with annexin V for 30 min, and then flow cytometry was 
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performed as described in the methods. The data represent the means ± SEM of 4 independent 






p<0.001 vs. the vehicle siCTL, 
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Figure 3. PRL modulates the activation of JNK/c-JUN-dependent dp5 expression in beta 
cells. INS-1E cells were treated for 24 h with PRL or vehicle and then with IL-1β+IFN-γ for 8 
h (c and d), 24 h (e) or for the time points indicated in the figure (a and b). The total protein 
level was collected for western blot analysis with phospho-JNK (a and b) and phospho-cJUN 
(c and d). One representative western blot of 4 independent experiments is shown in (a and c) 
and the mean ± SEM of the optical density measurements of the blots is shown in (b and d), 
and the values were corrected by α-tubulin. (e): The expression of dp5 was assessed by RT-
PCR and corrected for the housekeeping gene gapdh in 4 independent experiments. 
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p<0.001; or by ANOVA followed by Bonferroni correction. 
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p<0.001 vs. the untreated vehicle and 
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Figure 4. PRL downregulates the expression of pro-apoptotic BCL-2 family members. INS-
1E cells were pretreated for 24 h with a vehicle or PRL and then with IL-1β combined with 
IFN-γ for additional 24 h. The expression of (a): bim, (b): bim-s and (c): puma was assessed 
by RT-PCR and corrected for the housekeeping gene gapdh. PUMA was also analyzed by 
western blot. (d): One representative western blot is shown, followed by the mean ± SEM of 
the optical density measurements of the blots (e), and the values were corrected by α-tubulin. 
The data represent the means ± SE of 4 independent experiments. Comparisons were 



























Figure 5. PRL decreases NF-κB activation by cytokines. (a): INS-1E cells were transfected 
for five hours with the NF-κB reporter, and a pRL-CMV plasmid used as internal control. 
Twelve hours after transfection, the cells were pretreated with PRL or vehicle and then with 
IL-1β combined with IFN-γ for the time points indicated in the figure. Luciferase was 
assayed, and the obtained values were corrected by the internal control and normalized by the 
highest value of each experiment, considered to be 1. The results are means ± SEM of 3 





p<0.01. The expression of NF-κB target genes IκB-α (b), fas (c), 
mcp1 (d), a20 (e) and cxcl10 (f) was assessed by qRT-PCR after 24 h of cytokine treatment 
and corrected for the housekeeping gene gapdh; the expression of iNOS was assessed after 24 
h of cytokines exposure by western blot. (g): One representative figure is shown, followed by 
the mean ± SEM of the optical density measurements of the blots (h), and the values were 
corrected by α-tubulin. The data represent the means ± SEM of 4 independent experiments. 





the untreated vehicle and 
§§§
p<0.001 as indicated by the bars. The protein expression of IκB-α 
was assessed by western blot after 24 h treatment with PRL or vehicle and then with IL-
1β+IFN-γ for the time points indicated in the figure (i and j). One representative western blot 
of 4 independent experiments is shown (i) and the means ± SEM of the optical density 
measurements of the blots (j) were corrected by α-tubulin. Comparisons were performed by a 







Supplementary Figure 1 
 
Suppl. Figure 1. PRL up-regulates anti-apoptotic BCL-2-family proteins. (a and b): INS-1E 
cells were treated with PRL for the time points indicated in the figures or (c and d) pre-treated 
with vehicle or PRL for 24 h and then exposed to cytokines for the time points indicated. The 
protein cell lysate was used in the western blot analysis for (a-d): BCL-XL, and α-tubulin was 
analyzed to confirm similar protein loading. One representative western blot of 4 independent 
experiments is shown in (a and c) and the mean ± SEM of the optical density measurements 
of the blots is shown in (b and d). Comparisons were performed either by ANOVA followed 
by Bonferroni for multiple comparisons, 
**
p<0.01 vs. control (time point zero); or by a t test of 













Supplementary Figure 2 
 
Suppl. Figure 2. PRL does not prevent ER stress induction in INS-1E cells. INS-1E cells 
were treated for 24 h with vehicle or PRL and then with IL-1β or TNF-α combined with IFN-
γ for additional 24 h. (a): supernatant was collected to measure nitrite accumulation and (b, c 
and d): ER stress was analyzed by a western blot using specific antibodies for the following 
levels of: (b) phosphorylated eIF2α; (c) CHOP and (d) BIP, corrected by α-tubulin values of 3 
to 5 independent experiments. The results represent the means ± SEM. Comparisons were 





p<0.001 vs. untreated vehicle and 
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Citocinas pró-inflamatórias contribuem para o dano de células beta no 
DM1 em parte via ativação de NF-κB e JNK  (18;22;24;48). A ativação do receptor 
de PRL é importante para promover o aumento de massa de célula beta, manter a 
tolerência à glicose durante a prenhez e diminuir a expressão de genes relacionados 
à apoptose (35;36;39), além desse hormônio possuir propriedades imunoregulatórias 
(49). Portanto, a proposta do presente estudo foi investigar os mecanismos 
envolvidos nos efeitos protetores da PRL sobre a morte de células beta iduzida por 
citocinas. 
Foi obrsevado que a PRL exerce um papel anti-apoptótico ao menos em 
parte via ativação de STAT3, em células expostas à citocinas pró-inflamatórias. Ela 
também diminui a fosforilação de JNK e modula a expressão de proteínas anti- e 
pró-apoptóticas envolvidas na cascata de ativação de JNK, diminuindo a expressão 
de p-c-JUN e dp5, e aumentando a expressão de BCL-XL. Esses sinais convergem 
para diminuir a expressão de PUMA e possivelmente a perda de células beta. Além 
disso, a PRL parcialmente previne a ativação de NF-κB e diminui a expressão de 
seus genes alvo, os quais estão envolvidos tanto na morte de célula beta quanto na 
inflamação. 
Dessa forma, acreditamos que esses resultados irão esclarecer os 
mecanismos pelos quais a PRL modula vias específicas de sobrevivência em células 
beta estressadas e que podem ser usados para prevenir a perda de células beta 
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